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Measuring lifetimes of long-lived charged massive particles stopped in LHC detectors 
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Long-lived charged massive particles (CHAMPs) appear in various particle physics models beyond 
the Standard Model. In this Letter, we discuss the prospects for studying the stopping and decaying 
events of such long-lived CHAMPs at the LHC detectors, and show that the lifetime measurement 
(and the study of decay products) is possible with the LHC detectors for a wide range of the lifetime 
O(0.1)-O(10'°) sec, by using periods of no pp collision. Even a short lifetime of order one second 
can be measured by (i) identifying the stopping event with the online Event Filter, (ii) immediately 
making a beam-dump signal which stops the pp collision of the LHC, and at the same time (iii) 
changing the trigger menu to optimize it for the detection of a CHAMP decay in the calorimeter. 
Other possibilities are also discussed. 



Introduction. Long-lived charged massive parti- 
cles (CHAMPs) appear in various particle physics mod- 
els beyond the Standard Model (SM) [1]. Recently 
there has been growing interests in such a long-lived 
(charged) particle with a lifetime of 0(1000) sec, since 
it may solve the lithium problem in big-bang nucle- 
osynthesis (BBN) d i]. A well-known example of a 
CHAMP is a slepton, such as the stau, in supersymmet- 
ric (SUSY) models, which can be long-lived depending on 
the SUSY mass spectrum In this Letter, we discuss 
the prospects for studying such long-lived CHAMPs with 
the LHC detectors, particularly its lifetime measurement. 

At the LHC, the CHAMPs are typically generated as 
a result of cascade decays. The collider signatures of 
a long-lived CHAMP very much depend on its lifetime. 
(I) If the decay length is short, ct <C ©(cm), it decays 
promptly. (II) For ©(cm) <cr<L, where L is a typi- 
cal detector size, a displaced vertex of the CHAMP de- 
cay can be seen inside the detectors. There are already 
some studies of the in-flight decay of CHAMPs, and of 
measurement of CHAMPs' lifetimes, using LHC detec- 
tors 0, H, 0] . A recent study for some SUSY models 
has shown that a sizable number of such long-lived parti- 
cles can decay inside the detector if its lifetime is shorter 
than 10-(3-5) sec. (HI) If the CHAMP lifetime is even 
longer, there is no in-flight decay inside the detectors, 
and most of the events have massive charged tracks. The 
target of this study is this last scenario, case (III). Here- 
after, we call a case (III) CHAMP simply a long-lived 
CHAMP. 

There have also been many studies of long-lived 
CHAMPs at the LHC Q, i, 0, H, i]. Detailed stud- 
ies have shown that the CHAMP mass can be measured 
with an accuracy of less than 1%, with the time-of-flight 
(TOF) information using the muon system 0, Q . Fur- 
thermore, masses and other properties (such as spin and 
flavor structure) of the CHAMP, as well as other new 
particles, can be studied by using kinematical informa- 
tion 0,0,iil. 

Once such a long-lived CHAMP is discovered at the 
LHC, the next important physics target will be the dis- 



covery of the CHAMP decay, and its lifetime measure- 
ment [29*] . The importance of the lifetime measurement is 
twofold; (A) It is of great importance to cosmology. The 
lifetime of the CHAMP and its abundance when it decays 
in the early universe are subject to severe cosmological 
constraints, in particular those from BBN [ill Il2|. 
In addition, as mentioned above, a CHAMP with a life- 
time of 0(1000) sec may solve the lithium problem 0,0]. 
(B) The lifetime measurement will give us precious in- 
formation on the underlying theory of particle physics. 
A popular example of a CHAMP is the stau, in models 
for which the stau is the next-to-lightest SUSY parti- 
cle (NLSP) and the gravitino is the lightest SUSY parti- 
cle (LSP). In this case, the lifetime tx of the NLSP di- 
rectly tells us the SUSY breaking scale A, or equivalently 
the gravitino mass TO3/2 ~ A^/Mp, through the formula 
TX = 6 X 10* sec (mx/100 GeV)-5(m3/2/l GeV)2(l - 
ml^^/m\y^, where Mp = 2.4 x 10^^ GeV is the reduced 
Planck scale and mx is the NLSP mass. Furthermore, 
along with an independent kinematical reconstruction of 
™3/2 7 it can lead to a new microscopic determination of 
the Planck scale, which will be an unequivocal test of 
supergravity [l3|- Even if the underlying theory is not 
SUSY (e.g. the UED model of Q), the lifetime mea- 
surement and the study of the decay products will be a 
crucial step forward revealing the underlying theory. 

The lifetime measurement of a long-lived CHAMP is, 
however, very challenging because most of the produced 
CHAMPs typically have large velocities and escape from 
the detectors. Possibilities for stopping and collecting 
long-lived CHAMPs by placing additional material out- 
side the detectors have been discussed but they re- 
quire a new stopper-detector, (cf. [31 for ILC studies.) 

The ATLAS detector has massive hadronic calorime- 
ters (HCAL); in the barrel (|ry| < 1.5) consisting of iron 
with thickness 1440 mm, and in the end-cap (I77I — 
1.5 — 2.5) consisting of copper with thickness 1400 mm. 
Some fraction of the CHAMPs, which are emitted with 
small velocity /?, lose their kinetic energy by ionization 
and will stop inside the HCAL (cf. [l3|)- However, the 
decay of the stopped CHAMPs are out-of-time with beam 
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collisions, and their decay products do not originate from 
the beam interaction point, and hence the background 
(BG) rejection will be difficult during pp colhsions. Ac- 
tually, it is difficult to trigger the decays of stopped 
CHAMPs during pp collisions, since the triggers of the 
detectors are optimized for the physics of pp collisions. 

We discuss the possibility of discovering and studying 
the decays of stopped CHAMPs inside the ATLAS de- 
tector during periods of no pp collisions. It suffers from 
much less BG than with pp collisions, and we can also op- 
timize the trigger menu for the CHAMP decay. We show 
that the lifetime measurement (and the study of decay 
products) is indeed possible for a very wide range of the 
lifetime C'(0.1)-O(10^°) sec. One may wonder whether 
such a study is difficult for a short lifetime, since the 
stopped CHAMPs decay before the beam is switched off. 
However, we show that even a short lifetime of 0{1) sec 
can be measured by (i) identifying the stopping event by 
the online Event Filter, (ii) immediately making a beam- 
dump signal to stop collisions, and at the same time (iii) 
changing the trigger menu to optimize it for the detection 
of a CHAMP decay in the calorimeter. We also briefly 
discuss other possibilities. 

Although the basic idea of studying stopped particle 
decays is model-independent, for concreteness we assume 
a SUSY benchmark point SPS7 which contains the 
stau NLSP (f) as a long-lived CHAMP, with the grav- 
itino mass (and hence the stau lifetime) taken as a free 
parameter. In the following analysis, the event selection 
is optimized for this specific model, but our basic idea of 
using stopped particle decays may also be applicable to 
other cases by appropriately changing the selection cuts, 
once typical signatures of the new physics are known. 
The mass spectra are calculated by ISAJET 7.78 [Tg^ and 
we use Herwig 6.5 (i^l and AcerDET-1.0 21 1 to simulate 
the ATLAS detector. Precise parameters are used to em- 
ulate the online Event Filter performance [23 |. Some of 
the relevant SUSY particle masses in this model are as 



follows; (mfj 



(124, 948, 871) GeV. The cross 



section for SUSY events is approximately 3.5 pb. 

Selection of stopping events. There are three 
stages in the ATLAS trigger system. The event is com- 
pletely reconstructed in the final stage of the trigger sys- 
tem, the so called "Event Filter" (EF), and as such, se- 
lection power is equivalent to that of offiine analysis. The 
following selections are applied at EF to select the events 
in which the CHAMP stops in the calorimeter. In each 
SUSY event, two staus (CHAMPs) are generated as a 
result of the SUSY cascade decay. 

1. The missing transverse energy I^^ylOO GeV [s^]- 

2. The transverse momentum px should be larger than 
100 GeV for at least one jet. 

3. The number of jets with > 50 GeV is larger 
than or equal to 3. These high-px jets are emitted from 
the cascade decay process. The first three selections are 
standard for SUSY studies and suppress the SM BG pro- 
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FIG. 1: P'y distribution of the staus. The red histogram shows 
the stopping stau. Selections 1-4 are applied and the numbers 
are normalized to the integrated luminosity of 10 fb~^. 

cesses significantly. The expected BG rate after the first 
three selections is about 0.02 Hz for standard run with a 
luminosity of 10^^cm~^s~^. 

4. The event should contain one isolated track whose 
px is larger than 0.1 xtochamp- This track is the candi- 
date for the long-lived CHAMP. As mentioned above, the 
mass of the CHAMP can be measured with the TOF in- 
formation from the muon detector. The [3^ distribution 
of the staus after the selections 1-4 is shown in Fig. [1] for 
the signal from an integrated luminosity of 10 fb~^. The 
red region shows where the CHAMPs stop in the HCAL. 

5. There should be no track (px>l GeV) within Ai?< 
0.3 around the candidate track. This isolation condi- 
tion is required in order to reduce tt^ tracks in jets, and 
a high rejection power, 0(10"^), is obtained for high-px 
TT^'s. Since the SM BG processes are already reduced 
significantly with the first three selections, the BG con- 
tribution is expected to be small. 

6. The selected track is extrapolated to the calorime- 
ter system and the energy deposited on the associated 
calorimeters is required to be smaller than 20% of the mo- 
mentum. This selection rejects BG tracks from hadrons 
and electrons. Since only CHAMPs with small (3^ 
(<0.45) can stop in the calorimeter (see Fig. [T]), the ki- 
netic energy of the CHAMPs is limited. 

7. The selected track is also extrapolated to the muon 
system, and no associated track should exist there. This 
selection also reduces the BG from muons. 

The events with CHAMPs stopping in the calorimeters 
are selected with the above selections at EF. This on- 
line EF selection is crucial for the case of short CHAMP 
lifetime. When a stopping event is detected at EF, the 
signal can make a beam-dump command to immediately 
stop collisions [sTl , and to switch the trigger menu of the 
ATLAS detector to the dedicated menu for the CHAMP 
decay. Since it takes about 1 sec to reconstruct events 
in EF and also about 1 sec to change the trigger menu, 
there is a dead time of 0(1) sec from these procedures. 

The trigger rate of the stopping CHAMPs in this model 
is about 2.3 per day for a luminosity of lO'^'^cm^^s^^ (tag- 
ging efficiency including stopping probability is about 
0.6%). This rate is reasonable for the stable operation 
of the LHC. The expected fake rate is less than 1/day. 

After the beam is dumped, we change the trigger menu 
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to detect the tau emitted from the decay of the stau. 
The energy of the tau is half that of the NLSP mass 
and some energy is lost due to Vr- We select the events 
in which only one isolated cluster (> lOGeV) exists in 
the HCAL. In order to reduce the clusters arising from 
cosmic rays, we require no track/hit in the muon system. 
The BG from radio-active materials and slow neutrons 
have a small energy of less than 1 GeV, and hence we 
can separate the stau decay event easily from these. It is 
important to note that only hadronic decays of the tau 
are selected because of the following two reasons. (1) 
When the tau decays into an electron, the range of the 
electron is small in the HCAL and most of the energy 
will be deposited in the absorbers (it becomes invisible). 
(2) When the tau decays into a muon, only a small part 
of the energy will be deposited in the calorimeter. Also, 
we have already required no hits on the muon system to 
reduce the BG from cosmic rays and beam halo. 

Measurement of the CHAMP Lifetime. Now let 
us summarize our setup to measure the CHAMP lifetime, 
(i) After passing EF, the beam is dumped and the trigger 
menu is switched. During this process, there is dead time 
Td = 0(1) sec as discussed in the previous section, (ii) 
Then the detector waits for the stau's decay and measures 
the decay time. The waiting time Tw would be 0(1) 
hour, (iii) In addition to the beam running period, the 
winter shutdown period is also available to detect the 
stau decay [s?]. Here, we define Tr and Ts as the lengths 
of the running and shutdown periods respectively. 

Depending on the lifetime of CHAMP, we have differ- 
ent ways to measure it. 

Case I: Tf <2V. In this case, the decay time can be 
measured for each event. We can statistically estimate 
the value of from the data of the decay time during 
the waiting time. Even if Tf <IC To, we can estimate the 
upper bound on Tf [32] . 

Case II: Tw <^Tf<Ts. We can measure Tf by using 
the period of the winter shutdown. After the LHC run- 
ning period, some amounts of the staus are stored in the 
calorimeter and a part of the staus decay in the period 
of the winter shutdown. By measuring the decay time 
during this period, we can estimate Tf. 

Case III: Ts ■€i Tf. In this case, we can estimate 
Tf « kNsTs / No, where Njj is the number of stau decays 
during the winter shutdown and Ns the number of all 
events (including the events which do not pass through 
the cuts) in which the stau stops in the calorimeter, and 
K is the detection efficiency for stau decay. If we assume 
that Ns ~ Nc, where Nc is the number of events passing 
the Event Filter, we can estimate the Tf. 

In TableU we show the expected statistical errors from 
one year's data. Here we assume that — I sec, Tw — 
0.5 hour, Tr = 200 day and Ts = 100 day, and that 
we can detect all the stau's decay if the tau from f 
T + G3/2 decays hadronically. The discovery of CHAMP 
decay and the lifetime measurement is possible for a wide 



TABLE L Expected statistical errors for each lifetime. {Nd) 
is the expected number of staus' decays in the corresponding 
period. For 100 fb~^ and tx — C(l) sec, the empty-bunch 
method will be useful. (See discussion below.) 
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0.5 sec 
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1 sec 
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10 sec 
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171 
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10 day 
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±0.7 day 


100 day 
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t« day 
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tfa day 


10 year 


14 


+7 

I 3 year 


138 


t\i year 


50 year 


2.8 


1^1" year 


28 


+21 

-12 year 


300 year 


0.5 




5 


+224 

-88 year 



range of lifetime 0(0. 1) - 0(10^°) sec. 

Discussion. Although we have taken a SUSY model 
with the stau NLSP and gravitino LSP as a concrete ex- 
ample, the basic idea of our proposal can apply to any 
models which contain long-lived CHAMPs that are ac- 
cessible at the LHC. Another example in SUSY is the 
case of an axino LSP, in which the lifetime measure- 
ment will probe the Peccei-Quinn scale The right- 
handed sneutrino LSP scenario can also have a long-lived 
CHAMP signal [3] ■ The present analysis may also apply 
to the case of a long-lived colored particle, such as the 
long-lived gluino (cf. [l3|)j but this case is non-trivial 
because its behavior in the calorimeters is different from 
the case of the stau, in particular the track reconstruction 
may be difficult for charge-flipping R-hadrons. 

The study of decay modes, including the particle iden- 
tifications and the energy measurement, is also very im- 
gortant to reveal the underlying theory, (cf. [l^, 01 
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26[.) For the cases that stopped CHAMPs decay 
mainly into muon and/or electron, the detection will be 
difhcult compared to the case of hadronic decay. De- 
tailed studies of decay products, including more general 
cases of CHAMPs (and long-lived colored particles), are 
beyond the scope of this Letter. 

Finally, let us briefly discuss other possibilities alter- 
native to the beam-dump method. 

1. There are empty bunches (about 10 % of total cross- 
ing bunches) in the LHC beam, and no pp collisions occur 
during these periods [27] . Both trigger menus for the pp 
collision and the CHAMPs decay would be working in 
parallel with the bunch information. If the CHAMP de- 
cays during the empty bunch periods, we can observe 
it. The observed number of events is suppressed by a 
factor of 10, which is serious for the precise lifetime mea- 
surement. Furthermore, there is an ambiguity in relating 
the observed CHAMP decays and the produced SUSY 
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events, especially for a longer lifetime case. When the 
gluino mass becomes much lighter and the production 
rate of the stopping CHAMPs increases significantly, this 
empty-bunch method becomes useful. 

2. Changing the beam-orbit with the EF signal; This 
method is a modified version of the beam-dump method. 
If we can change the orbit of the proton beam quickly and 
safely (this is an important point), the EF signal would 
change the proton beam-orbit to forbid pp collisions at 
the ATLAS point when the stopping CHAMP is detected. 
Such a method would not require a beam-dump and col- 
lisions would continue at other detectors while being sus- 
pended at ATLAS After the CHAMP's decay is ob- 
served in the ATLAS detector, collisions can be restarted 
at ATLAS. This method is effective and much more lu- 
minosity can be accumulated. Methods for changing the 
proton orbit quickly and safely should be developed. Also 
we would need a careful study of the beam halo BG for 
the CHAMP decay 
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